Abstract: Garlic mustard (Alliaria petiolata), a biennial species, is considered to be among the most troublesome of the invasive plants in the Eastern Deciduous forest of North America. It has been shown to prevent or reduce mycorrhizal colonization of native herbaceous ground layer plants and trees in these forests. It is estimated that 70-90% or more of herbaceous native ground layer plant species form associations with arbuscular mycorrhizal fungi (AMF). Loss of the mycorrhizal association can reduce growth, reproductive success, and competitiveness of plant species. Using a corn root bioassay, we examined the effect of garlic mustard removal on the soil AMF mycorrhizal inoculum potential (MIP), in control plots and plots that had second-year garlic mustard removed annually for the past five years (2005)(2006)(2007)(2008)(2009)). Removal treatment plots had significantly (P = 0.0240, df = 28) greater MIP than control plots (25.72±2.26% and 18.29±2.04%, respectively). MIP was negatively correlated with cover of garlic mustard (r 2 = 0.1325, P < 0.05, df = 30), which accounted for 13.2% of the variation in MIP. Cover of native vegetation in removal treatment plots (104.50±2.6%) was greater than that of the control plots (95.14±3.66%), (P = 0.0236, df = 115). These results show that removal of garlic mustard results in an increase in soil MIP and cover of native species; however, there is not a complete loss of MIP associated with garlic mustard invasion. Following removal of garlic mustard, our data suggest that mycorrhizal plants recover more slowly than non-mycorrhizal species, apparently due to a delay in the establishment of a well-functioning mycorrhizal association. Our study is the first to demonstrate that the MIP of native soils and cover of native species increase following reduction in the cover of garlic mustard.
INTRODUCTION
Garlic mustard (Alliaria petiolata) is considered to be among the most troublesome of the invasive plants in the Eastern Deciduous forest of North America (Blossey et al. 2001 , Stinson et al. 2006 . A Eurasian native, garlic mustard was apparently first introduced into North America on Long Island, New York USA in 1868 (Clapman et al. 1952) . However, multiple introductions of the plant into North America (Meekins et al. 2001 , Durka et al. 2005 ) have contributed to relatively high genetic diversity of the species in the introduced range. Garlic mustard has colonized 37 states in USA, but most abundantly in the northeastern and midwestern portions of the USA, and five Canadian Provinces (USDA, NRCS 2009) . It is considered to be a threat to the indigenous ground layer in deciduous forest communities.
Several mechanisms have been proposed to explain the success of this highly invasive species: high seed production *Address correspondence to this author at the School of Biological Sciences, Illinois State University, Normal, Illinois 61790-4120, USA; Tel: 309-438-2653; Fax: 309-438-3722; E-mail: rcander@ilstu.edu Handling Editor: Jianping Xu and seedling establishment (Anderson et al. 1996, Byers and Quinn 1998) , flowers adapted for generalist pollinators and the ability to successfully self-and cross-pollinate (Anderson et al. 1996 , Cruden et al. 1996 with relatively little inbreeding depression (Mullarkey 2009 ), production of allelopathic compounds that reduce seed germination or plant growth (Vaughn and Berhow 1999 , Roberts and Anderson 2001 , Prati and Bossdorf 2004 , phenotypic plasticity of photosynthesis with high adaptability to varied light regimes (Dhillion and Anderson 1999 , Myers and Anderson 2003 , Myers et al. 2005 , low levels of herbivory in the novel environment due to the presence of protective secondary compounds , and phenological niche separation from most native species during early spring of its second year Anderson 2003, Timpe 2007) . Research supports all of these hypotheses at least as partial explanations for garlic mustard's success. However, recently there has been an increasing amount of evidence supporting the hypothesis of "novel weapons" Ridenour 2004, Callaway et al. 2005) employed by many invasive plant species, including garlic mustard, to compete effectively against native species in the invaded environment.
Secondary compounds generally are thought to provide protection from herbivory (Karban and Baldwin 1997, Baldwin 1998 ). However, field and laboratory studies showed some of these compounds to be important allelopathic agents that depress germination and growth of competitor plants (Rice 1974 , Fitter 2003 , Callaway and Ridenour 2004 , Abhilasha et al. 2008 . In the case of the non-mycorrhizal garlic mustard, they prevent or reduce associations between host plants and AMF and ectomycorrhizal fungi (Roberts and Anderson 2001 , Stinson et al. 2006 , Stinson et al. 2007 , Callaway et al. 2008 , Wolfe et al. 2008 . Thus, novel chemical weapons deployed by garlic mustard against competing plants may act in a two-fold manner: directly as agents of interference against native plants (Vaughn and Berhow 1999 , Meekins and McCarthy 1999 , Roberts and Anderson 2001 , Prati and Bossdorf 2004 and indirectly as suppressors of mycorrhizal symbionts. Garlic mustard has a stronger negative effect on naïve fungal mutualists in its introduced North American range than it does on mycorrhizae in Europe (Callaway et al. 2008) . In the eastern deciduous forest, it is estimated that 70-90% or more of native plant species form mycorrhizal associations (Berliner and Torrey 1989, Brundett 1991) . Loss of the mycorrhizal association can reduce growth, reproductive success, and competitiveness of plant species (Allen 1991, Smith and Read 1997) .
The density of garlic mustard was shown to be negatively correlated with the mycorrhizal inoculum potential (MIP) of forest soils (Roberts and Anderson 2001) . Soil MIP is a function of AMF spores, extraradical hyphae in soil, and intraradical hyphae within colonized roots, all of which can initiate new colonization when they are contacted by noncolonized roots. As the abundance of non-mycorrhizal garlic mustard increases on a site, and native mycorrhizal host plants decline, soil MIP decreases because the mass of colonized roots declines, resulting in less inoculum present as spores and hyphae in soil and in colonized roots. It is likely that native species may have lower levels of colonization because of a decline in MIP and interference with the formation of AMF associations (Roberts and Anderson 2001) .
Some compounds inhibiting establishment of the mycorrhizal associations, such as most glucosinolates and their degradates, and flavonoid glycosides, frequently have halflives less than ten days and 12 h, respectively, in non-sterile soil Cipollini 2009a, Barto and Cipollini 2009b) . Despite the potentially short residence time of these compounds, extracts of garlic mustard can reduce AMF spore viability by 53 to 89% (Callaway et al. 2008) , and on sites where the abundance of garlic mustard is high there may be a substantial reduction in MIP. Control measures that remove garlic mustard should increase the MIP of the soil and favor mycotrophic native species. Nevertheless, increasing MIP in areas where it has been reduced or where there has been a complete loss of inoculum may be a slow process, even though several authors have indicated that terrestrial vertebrates are important vectors of AMF spores (Gehring et al. 2002) and could effectively disperse spores to areas with depleted inoculum.
We examined the MIP of soil in 2009 taken from plots that had second-year garlic mustard plants removed annually over the last five years (2005) (2006) (2007) (2008) (2009) ). On these plots, removal eventually reduced cover of first-and second-year garlic mustard plants compared to control plots that did not have second-year garlic mustard removed . Between 2005 and 2007 , the plots were sampled in mid-late May. During this three-year period, total native ground layer cover, cover of the five most abundant native species examined separately, and bare ground were not significantly different in removal plots compared to the control plots . In 2008, we sampled our study plots in early spring . To test garlic mustard's effect on spring plants, the species sampled were divided into summer and spring dominant species. There were significant increases in cover of spring dominant species in removal plots compared to control plots on one of our two study sites where spring species were more abundant than summer species (Herold et al. 2010) . This is the first time we detected any significant difference in the cover of native plants between removal and control plots, which might be due to a greater intensity of the mycorrhizal association on the removal plots. In this paper, we also compare recovery of selected mycorrhizal and non-mycorrhizal species using the early spring data set. Most of the non-mycorrhizal species are spring dominant species that die back to underground organs by late spring or early summer. Thus, early spring is the only time of the year when the two groups of species could be compared. Because non-mycorrhizal species are affected only by the direct effects of garlic mustard, they should recover sooner than mycorrhizal species which experience direct and indirect effects due to a reduction in the mycorrhizal association, if there is a delay in its recovery. Because of the decline in garlic mustard on removal plots, we predicted the following: (1) MIP and cover of native herbaceous ground layer species would be greater in treatment plots from which garlic mustard plants had been removed than on control plots and (2) nonmycorrhizal species would recover sooner following removal of garlic mustard than mycorrhizal species.
METHODS

Study Site
Our study site is located in a second-growth hardwood forest in the ParkLands Foundation's Merwin Nature Preserve, 30 km northeast of Normal, Illinois, USA. Prior to acquisition of the property by the Foundation in 1970, the site was subject to selective logging and grazing. Study sites include well-established populations of garlic mustard and are located on an upland site and a site in a low-lying area near a creek. As previously noted, even though we removed second-year garlic mustard from our treatment plots for five years, garlic mustard was still present, albeit at lower densities in removal plots than in control plots. Continued presence of garlic mustard on removal plots results from a garlic mustard seed bank that may persist for at least 2-3 years or longer (Baskin and Baskin 1992, Rodgers et al. 2008) . In addition, there may be some seed dispersal into removal treatment plots from areas outside the treatment plot as was suggested by Slaughter et al. (2007) in their study.
For this study, we sampled the soil MIP from only the upland site. Differences in herbaceous vegetation between treatment and control plots are reported only from this site for the 2009 sample. This site was chosen for study because it contained a well developed herbaceous spring ground layer, whereas the low lying site did not. Both sites have a well developed herbaceous summer ground layer.
Experimental Design
The experimental design is a randomized complete block design with blocks nested within sites. More complete details of the sampling design are provided in Bauer et al. (2010) and are summarized here. Each of our two study sites has two blocks (approximately 23 x 30 m) each containing 60 plots for a total of 120 study plots per site. Each plot has a treatment area (2.5 x 2.5 m) and a centrally located sampling area (50 x 50 cm). Parallel transects were located 5 m apart in each block and plots were placed at 2.5-m intervals along each transect at a random distance of up to 50 cm right or left of the transects resulting in a minimum buffer strip of 1.5 m between plot rows. We did not test the MIP with and without garlic mustard present in our study area. The study site has had well established populations of garlic mustard since at least 1988. Consequently, areas without garlic mustard may have had garlic mustard growing on them in the past and would not provided a true test of what the MIP should be in areas that never supported garlic mustard. In each block, one-third of the treatment plots (20) were randomly assigned to a control or one of the two treatments in which second-year plants were hand weeded either early (March 4-9) or late (May 15-18). In early-treatment plots, all second-year garlic mustard plants were removed before garlic mustard seeds had germinated, second-year plants were in the rosette stage, and nearly all native species were dormant. In late-treatment plots, all second-year plants were removed after they had bolted, flowering was occurring, and native species were actively growing. Occasional rosettes were missed at the time of treatment application. However, sampling of plots occurred at a later date and these plants were removed before seeds were released. Thus, seed input from second-year plants growing directly on the plots after 2004 was little to none. Treatments were applied in 2005-2009 following a pre-treatment sample of vegetation in plots in 2004. For pretreatment data there were no significant differences in the cover of garlic mustard or native vegetation between treatment or control plots. However, control plots had significantly more cover of garlic mustard plants than treatment plots after 2007, but there were no significant differences in cover of native plants between 2004 .
Data Collection
Soil Mycorrhizal Inoculum Potential (MIP)
Soil samples used to determine MIP were collected on 5 May 2009 from five randomly selected early and late removal treatment plots and six randomly selected control plots in each of the two blocks on the upland study site. A soil tube was used to extract two or three soil cores (2.5 cm diameter and 10-13 cm deep) from within four dm 2 (10 x 10 cm) quadrats. One dm 2 quadrat was located 50 cm from the center of the sample area in each of the four cardinal directions. Soil from the four samples per plot was placed in a single ziplock plastic bag and transported to a walk-in-cold room that was maintained at 10 o C.
Cover of Garlic Mustard
Aerial cover of first-and second-year garlic mustard (combined) was estimated within the dm 2 quadrats from which soil cores for MIP determination were extracted. For analysis of these data, the average cover of garlic mustard in the four dm 2 quadrats was used. These data provided information about the abundance of garlic mustard in the quadrats from which soil cores were extracted for MIP analysis. The abundance of garlic mustard previously was shown to be negatively correlated with soil MIP (Roberts and Anderson 2001) . The number of dm 2 quadrats with cover of garlic mustard at each plot was totaled and used to provide information about the frequency of occurrence of garlic mustard near the sample plots.
Ground Layer Vegetation
All sampling areas within the two blocks of the upland site were sampled in late spring (May 27-29, and 31) of 2009. Because of a tree fall on one plot the sample size was reduced to 119. Percent aerial cover of all plants rooted within the sampling areas (50 x 50 cm) was estimated by species or by genus for Sedges (Carex) and Violets (Viola). Cover of first-and second-year garlic mustard was also estimated. To determine differences in cover of native species and first-year garlic mustard between removal and control plots, these data (n = 119) were used rather than data from the 32 plots selected for MIP analysis to maximize sample size.
The effect of removal of garlic mustard on mycorrhizal and non-mycorrhizal species was tested by comparing treatment effects on the combined cover of the three most abundant species of each group using data collected on 19 and 20 April. The three mycorrhizal species were Elymus virginicus (Virginia wild rye), Festuca obtusa (nodding fescue), and Sanicula gregaria (black snakeroot) and Claytonia virginica (spring beauty), Dentaria laciniata, (toothwort) and Floerkea prospinacoides (false mermaid weed) were the three most abundant non-mycorrhizal species.
Corn Root Bioassay to Assess MIP
A corn root bioassay (Sweet corn -Sunglow 63 days) was used to assess the MIP of the collected soil (Moorman and Reeves 1979) . Corn forms mycorrhizal associations with many species of AMF and has uniform and rapid growth. Therefore, it has advantages over the use of native species in bioassays, which can have greater specificity for AMF fungi, when general surveys of all types of viable mycorrhizal fungal propagules are conducted (Korb et al. 2003) . Corn kernels were rinsed in deionized water and placed in a finger bowl on May 6, 2009 containing deionized water. The finger bowl was maintained at 30 o C in the dark for 24 h to allow the seeds to germinate before they were used in the bioassay. On May 7, unamended soil (165 cc) from each sample was placed in a cone-tainer on a greenhouse bench and one germinated corn kernel (radical was visible) was planted a few mm below the soil surface. A thin layer of perlite was added to the surface of the soil to reduce moisture loss and the planted seeds were watered twice daily. Fourteen hours of supplemental lighting was provided to the growing plants in the greenhouse. Plants were grown for 21 days and then the roots were harvested and gently washed free of soil. The entire root system was cut into 1-cm segments and a 0.25 g fresh weight sample was placed in a plastic cassette for clearing and staining using the methods of Vierheilig et al. (1998) . One-hundred 1-cm segments of stained roots of each sample were scored as having mycorrhizal structures (coenocytic hyphae, pelotons, vesicles, or arbuscules) using the gridline intersection method (Giovannetti and Mosse 1980) .
Data Analysis
Because the primary interest of this study was to compare plots in which garlic mustard was removed with control plots, the late and early removal treatments were combined. All data were tested to determine if the assumptions of ANOVA were met using Shapiro-Wilk tests of normality and plots of residuals over the predicted values. Nontransformed total cover of native vegetation and square root transformed MIP met the assumptions and were analyzed with two-way ANOVA with block as a main effect and treatment nested within blocks. The effect of garlic mustard removal on the combined cover (logn transformed) of the three leading mycorrhizal and non-mycorrhizal species was analyzed using MANOVA with treatment nested within blocks. These data did not meet the assumption of normality with the Shapiro-Wilk test (P >0.03). However, the normality and box plots of the residuals were acceptable and MANOVA is robust to violations from normality (Scheiner 2001) . When appropriate, lsmeans followup tests with a Bonferroni correction were used to test for differences among treatments, except for the planned comparisons for mycorrhizal and non-mycorrhizal species comparisons. The planned comparisons tested differences between means for control and removal plots for mycorrhizal and nonmycorrhizal groups separately in each block using Tukey tests. However, none of remaining data sets met the assumptions even after transformation (logn, arcsin, square root). Therefore, Kruskal Wallace non-parametric ANOVA was used to analyze these data. All data were analyzed using SAS 9.1 (SAS Institute, Inc. 2002 -2003 .
RESULTS
Decimeter Quadrats
Cover of Garlic Mustard
Within the dm 2 quadrats, from which soil samples for determining MIP were taken, there was a significant (χ2 = 11.2967, df = 1, P = 0.0008) effect of treatment on cover of garlic mustard. Removal treatment plots (0.25±0.11%, mean±SE) had less cover of garlic mustard than control plots (3.75±1.07%).
Occurrence of Garlic Mustard
The number of dm 2 quadrats in which garlic mustard occurred at each plot was significantly (χ 2 = 6.0954, df =1, P = 0.0136) greater for control plots (1.25±0.32) than removal treatment plots (0.45±0.16). The percentage of dm 2 containing garlic mustard were 31.3% and 11.3% for control and removal plots, respectively.
Sample Plots (50 x 50 cm)
Cover of Native Vegetation
For total cover of native vegetation in all 50 x 50 cm sample areas in both blocks (n = 119), there were significant effects for block (F 1,115 = 25.24, P<0.0001 ) and treatments nested within blocks (F 2,115 =3.26, P = 0.0418). Removal treatment plots had a significantly (P = 0.0236, df = 115) greater percent cover than the control plots (104.5±2.60% and 95.14±3.66%, respectively) and block two had significantly (P<0.0001, df = 115) greater total cover of native species than block one (112.41±3.03% and 90.64±2.33%, respectively).
Cover of First-year Garlic Mustard
The cover of first-year garlic mustard was significantly (χ 2 = 45.31, df =1, P<0.001) greater in control plots (2.78± 0.35%) than removal plots (0.34±0.06%, respectively).
Comparison of Mycorrhizal and Non-mycorrhizal Plants. MANOVA indicated significant treatment nested within block effects (F 6,230 = 10.06, P < 0.0001). Only the first eigenvector was significant and it accounted for 94.3 percent of the variation. Standard Canonical Coefficients showed that mycorrhizal plants (1.020) were more important than non-mycorrhizal plants (0.469) in causing differences in treatments nested within blocks. Non-mycorrhizal plants had greater cover in removal plots than control plots in block 2. None of the other planned comparison between removal and control plots was significant, although cover was greater in removal than control plots for all comparisons (Fig. 1) . Fig. (1) . Effect of removal of garlic mustard on cover (mean±SE) of mycorrhizal and non-mycorrhizal plants. Comparisons marked with an asterisk are significantly different.
Mycorrhizal Inoculum Potential (MIP)
There was a significant (F 2,28 = 3.43, P = 0.0465) effect of treatment nested within block for MIP, but there was no Block 2 * * significant effect of block (F 1,28 = 1.56, P = 0.2220. Removal treatment plots had significantly (P = 0.0240, df = 28) greater MIP than control plots (25.72±2.26% and 18.29±2.04%, respectively). Cover of garlic mustard in the dm 2 quadrats was negatively correlated (r 2 = 0.1325, P < 0.05, df = 30) with plot MIP and accounted for 13.2% of the variation in MIP.
DISCUSSION
Several studies have shown that garlic mustard reduces or prevents formation of the mycorrhizal association (Roberts and Anderson 2001 , Stinson et al. 2006 , Stinson et al. 2007 , Callaway et al. 2008 , Wolfe et al. 2008 and Roberts and Anderson (2001) reported a negative correlation between cover of garlic mustard and soil MIP under field conditions. However, no previous studies have shown that MIP of native soils and cover of native species increase following a reduction in cover of garlic mustard. Our data showed that following removal of garlic mustard native vegetation began recovery as indicated by an increase in cover of native species in removal plots compared to control plots. First-year plants were still present on removal plots in 2009, although their cover on the sample areas (50 x 50 cm) and total cover and the frequency of occurrence of garlic mustard in dm 2 quadrats were greater in control than removal plots. Nevertheless, the 28.8% reduction in MIP in control versus removal plots we report here appears to be consistent with the reduction in viability (-20% to -66%) and infectivity (-16% to -66%) of AMF spores from four regions of North America in soils pre-conditioned with garlic mustard in a greenhouse study (Callaway et al. 2008) .
Nearly all summer dominant species on our study site were reported to be mycorrhizal (Berliner and Torrey 1989 , Brundrett and Kendrick 1988 , Brundrett 1991 , DeMars 1996 , Roberts 1997 . We have added to the list of mycorrhizal plant species on our study plot with additional survey work (Borowicz, unpublished) . Delay in the recovery of native vegetation after annual removal of garlic mustard was initiated in 2005 may be related to several factors, including occurrence of a seed bank for garlic mustard that may take 2-3 years or longer to be depleted (Baskin and Baskin 1992 , Nuzzo 1991 , McCarthy 1997 , and the length of time required for the mycorrhizal association to become well-established following a decline in the abundance of garlic mustard. A decline in the levels of AMF colonization may reduce growth rates of native mycotrophic species and retard the rate at which they can reoccupy space vacated by garlic mustard. Our data supports this assumption and suggests that non-mycorrhizal species may recover from garlic mustard removal sooner than mycorrhizal species. Although we found statistically significant evidence for this relationship in only one of two blocks of our study site, in each planned comparison removal plots had greater cover than control plots albeit these differences were small for some comparisons. Although AMF are generally assumed to function in facilitating nutrient uptake in nutrient-poor soils, AMF can improve water relations under drought conditions (Dell'Amico et al. 2002 , Augé 2004 and alter resistance and tolerance of plants to pathogens (Borowicz 2001, Pozo and Azcón-Aquilar 2007) , insect herbivores (Borowicz 1997 , Gange 2001 , Bennett and Bever 2007 , Koricheva et al. 2009 , and improve tolerance of native plants to garlic mustard's allelopathic effect (Barto et al. 2010) . Consequently, suppression or compositional change in the AMF community may have unanticipated effects on host plants, which can then feed back to the fungal community (Bever 2002, Gehring and Bennett 2009) . Studies are needed to determine how removal of garlic mustard affects the composition of the AMF community (Burke 2008) , the level of AMF colonization in roots of native species and inorganic nutrients dynamics associated with reduced levels of AMF mycorrhizae in roots of native species. Reduction of AMF may decrease inorganic nutrient uptake by mycorrhizal plant species, thereby increasing nutrient availability to nonmycorrhizal species including garlic mustard. Experimentally the direct and indirect effects of garlic mustard competition on native species should be delineated.
